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Abstract

We comparedsoil nutrientavailabilityandsoil physicalpropertiesamongfourtreatments(high-intensityfire, low-
intensityfire, plant removal,andharvestinggap)andacontrol (intact forestunderstory)overa periodof 18 months
in atropical dry forest in Bolivia. Theeffect of treatmentson plant growthwas testedusing ashadeintoleranttree
species(Anadenanthera colubrina VeIl. Conc.) as a bioassay.Surfacesoils in high-intensity fire treatmentshad
significantly greaterpH values,concentrationsof extractablecalcium (Ca),potassium(K), magnesium(Mg), and
phosphorus(P), andamountsof resin-availablePand nitrogen(N) thanothertreatments;however,a loss of soil
organicmatterduring high-intensityfires likely resultedin increasedbulk densityandstrength,anddecreasedwater
infiltration rates.Low intensityfires alsosignificantly increasedsoil pH, concentrationsof extractableCa,K, Mg,
andP,andamountsof resin-availableP andN, althoughto a lesserdegreethanhigh-intensityfires. Low-intensity
fires did not lower soil organicmattercontentsor alter soil physicalproperties.Plantremoval andharvestinggap
treatmentshad little effect on soil chemicaland physicalproperties.Despitethe potentially negativeeffectsof
degradedsoil structureon plant growth, growth of A. colubrina seedlingsweregreaterfollowing high-intensity
fires. Evidently, the increasein nutrientavailability causedby high-intensityfires was not offset by degradedsoil
structurein its effectson seedlinggrowth.Long-termeffectsof high intensityfires requirefurtherresearch.

Introduction

Prescribedburns produceseveraleffects that are be-
neficial for the regenerationof shade-intoleranttree
species, including vegetationremoval, mineral soil
exposure,and nutrient release(Bond and van Wil-
gen, 1996; Hungerfordet al., 1990). Yet, the effects
of prescribedburnson above-andbelow-groundpro-
cessesvary widely, dependinglargely on the intensity
of the fire (Bond and van Wilgen, 1996; Moreno
and Gechel, 1994). While most studies of low to
moderatelyintensefires report increasesin available
nutrients(DeBanoet al., 1977;reviewsby Dunn etal.,
1977; Ewelet al., 1981; HumphreysandCraig, 1981;
Hungerfordet al., 1990; Nearyet al., 1999; Wells
et al., 1979; Wright andBailey, 1982), intensefires
may causea net lossof nutrientsfrom the forestsys-

tem through volatilization, ashtransport,andrun-off
(DeBanoetal., 1977;Giovanninietal., 1990).Intense
burnsmayalsoaltersoil structureandtexture(Dyrness
andYoungberg,1957; Ulery and Graham, 1993)res-
ulting in increasedsoil bulk density(DeByle, 1981),
andreducedsoil porosity,waterinfiltration rates,and
waterholdingcapacity(Wellset al., 1979).

The changesin chemicalandphysicalsoil proper-
ties causedby fire may haveimportantconsequences
for growth of treeseedlings.Increasednutrientavail-
ability after fire may benefitplant growth if nutrients
are limiting prior to burning(Hungerfordet al., 1990).
On theotherhand,seedlinggrowth in intenselyburned
soils maybesloweddueto highpH andtoxic levelsof
minerals(Giovanniniet al., 1990). Alteredsoil phys-
icalproperties,suchas soil strength,bulk density,and
water infiltration rates,may alsoimpairplant growth.
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Table2. Resultsof ANOVAs of soil nutrients,organicmatter,watercontent,andsoil pH in the8—20cmdepthof
soil of fourgaptreatmentsandforestplotsat 3 timesfollowing burns.All variableswerelog transformed.Where
asignificant time x treatmentinteractionwasfound,variableswere analyzedseparatelyby month.Treatments
with differentlettersaresignificantly differentat P<0.05

No interactiontime x treatment Post-hoctestresults

Variable Factor F P Month High Low Removal Control Forest

Phosphorus Treatment 105.4 <0.001 9 a b bc bc bc
Time 59.4 <0.001 12 a b bc bc bc

Magnesium Treatment 2.1 0.09
18 a b b b b

9
Time 7.3 0.001 12

Calcium Treatment 10.5 <0.001

18

9 a b b b b

Time 4.7 0.013 12 a ab b b b

Watercontent Treatment 5.6 0.001
18 a b ab b b
9 a a a a b

Time 51.2 <0.001 12

pH Treatment 70.9 <0.001
18 ab ab a ab b
9 a b bc c bc

Time 58.9 <0.001 12 a b c c c
18 a b c c c

Significant time x treatmentinteraction Post-hoctest results
Variable Month F P High Low Removal Control Rorest

Potassium 9 34.6 <0.001 a b c bc bc
12 17.5 <0.001 a b b b b
18 9.5 <0.001 a b b b ab

Organicmatter 9 1.7 0.16
12 2.7 <0.001 a ab ab b ab
18 11.3 <0.001 b b a c c

surfacesoils.Low-intensityfires alsosignificantly in-
creasedP, Mg, K, and Ca in the top 8 cm of soil,
althoughincreasesweresmallerthanin high-intensity
fire plots,did not persistas long, andwerenot detected
at 8—20 cm. Plantremovalandgapcontrol treatments
hadno detectableeffect on P, Mg, K, andCa at either
soil depth.

Both high- and low-intensity fires significantly
increasedresin-availableNH4~-N (F = 58.7, P =

<0.001),NOf-N (F 6.3, P = 0.001),andPOC
3-P

(F = 12.2, P = <0.001)during the first rainy season
following burns (Fig. 2). Other than an increasein
NOf-N in plant removal treatmentsduring the first
rainy season,the remainingtreatmentshadlittle effect
on NH

4~-N,NOf-N, andP04
3-Pavailability.

Soil pH after high-intensity fires at 0—8 and 8—
20 cm wasgreaterthanin all othertreatmentsthrough-

out the I 8-monthsamplingperiod (Fig. 3 andTables
I and2). After low-intensity fires, soil pH wasgreater
than in the remainingtreatmentsat both depthsat all
samplingperiods.The plant removal andgapcontrol
treatmentshadlittle effect on soil pH.

High-intensity fires significantly loweredsoil or-
ganicmattercontentin surfacesoils; 2 monthsfollow-
ing after fires soil organicmatterin the top 8 cm of
soil was approximately72% thatof forestsoils(Fig. 3
and Tables I and 2). After 18 months, soil organic
matterrecoveredto concentrationscomparableto the
remainingtreatments.Differencesamongthe remain-
ing treatmentsweresmall and varied throughoutthe
samplingperiods.Total soil N was strongly relatedto
soil carbon(R2= 0.93); thus, we expectpatternsof
total N differencesamongtreatmentsto follow those
for soil organicmatter.
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Figure 1. Seedlingheightsof Anadenantheracolubrina, andMeb-
lich-l extractablesoil concentrationsof P, Mg, Ca, andK in soil
samples(0—8 cm depth) in four treatmentsand understoryforest
sitesat five samplingtimesoveran 18-monthperiodfollowing fires
(bars= S.E.,13=16).

Although significantdifferencesin soil watercon-
tentweredetectedamongtreatments,differenceswere
not large and patternswere not consistentover the
sampling period (Fig. 3 and Tables 1 and 2). The
forest understoryplots hadthe lowestsoil watercon-
tent during the first 9 months, but this difference
disappearedafter 12 months.Largerdifferencesin soil
watercontentweredueto seasonalchanges.

Soil strengthafter high-intensityfires, initially the
lowestamongtreatments,increasedsharplyduringthe
first year(Fig. 3, Table1). Waterinfiltration rateswere
significantly lower afterhigh-intensityfires thanother
treatments(F= 31, P < 0.001;Fig. 4). Bulk density
afterhigh-intensityfires was significantlygreaterthan
in forestplotsafter6 and12 months(F = 3.1,P = 0.02,
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Figure 2. Resin-availableammonium,nitrate,andphosphatein four
treatmentsand understoryforest sites determinedfrom exchange
resinsburied in soil at 5 cm depthduring threeperiodsfollowing
fires (bars = S.E., 130016). Resins were buried for approximately
3 monthsduring each period. Time since fires of samplingperi-
ods were: first rainy season(2—5 months), first dry season(8—Il
months),andsecondrainy season(15—18months).

ii = 10). Therewereno significantdifferencesamong
theremainingtreatments.

Treatment effects on seedling height

Seedlingsin high- and low-intensity fire treatments
weresignificantly taller than seedlingsin the gapcon-
trol or forestunderstory;seedlingheight in the plant
removal treatmentwas intermediate(F = 15.4, P <

0.00l,Fig. 1).

Discussion

Effectsof high-intensityfire on soil properties

High intensityfires causedsignificantchangesin both
soil chemical and physical properties; increasesin
available nutrientswere coupledwith lossesof soil
organicmatter, total soil nitrogen, and alteredsoil
structure.
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Figure 3. Soil pH.air-dry water content, andorganicmattercontent
measured in soil tt)—8 cm depth)in thefour treatmentsandunder-
story forest sites at five sampling times overan 18-month period
following burns. Soil strengthwasmeasuredat the soil surfacewith
asoil penetrometerat four samplingperiodsovera 12-monthperiod
following burns, watercontent is expressedas percentof air-dry
weight (bars= S.E., ,,= 16)
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Figure4. Water infiltration rates of soil in four treatments and forest
understorysites. Infiltration wasmeasuredasthe time requiredfor
the first 5 ml ofa 10-mI column of water to infiltrate soil (,m=4).

Thelargeamountof ashdepositedfollowing high-
intensity fires was likely the major contributor of
increasedsoil pH andincreasedsoil concentrationsof
extractableCa,K, Mg andP.We estimatedthe masses
of cationsand P depositedin ashto be: 524 g/m2 of
Ca, 83 g/m2 of K, 26 g/m2 of Mg, and 7.7 g/m2 of
P. Soil heating may also have increasedextractable
Ca, K, Mg, and P through mineralizationof organic
forms (Giovannini et al., 1990), howeverthis path-
way waslikely lessimportantthancontributionsfrom
ash. InorganicP additionsin ashwerealso likely the
largestcauseof increasesin resin-availablePO~

17
3-P.

Rice (1993) found that soil P0
4

3-Pconcentrations
in Californianchaparralfollowing fire werecorrelated
with ashdepthratherthanfire intensity.

Increasedresin-availablenitrogen (NH
4±~Nand

NOf-N) after high-intensityfires is attributedto the
mineralizationof organicformsof nitrogenfound in
soil organic matter and unburnedslash fragments.
Due to nitrogen’s low temperatureof volatilization
(200

0C; Weast, 1988), its concentrationin ash was
likely negligible. IncreasedNH

4~-N following fires
was probablyenhancedby soil microbial death,which
occursat temperaturesas low as 50—121

0C(Neary et
al., 1999). Similarly, Matson et al. (1987) attributed
increasesin net nitrogen mineralizationto microbial
death following slash and burn on volcanic soils in
CostaRica. IncreasedN0

3-N concentrationswere
likely causedby increasednitrification rates follow-
ing fires. Fire generallycreatesfavorableconditions
for nitrification by raisingpH valuesandbasesatura-
tion (Pritchettand Fisher, 1987). Both Matson et al.
(1987) and Montagnini and Buschbacher(1989) at-
tributed increasednitrate concentrationsto enhanced
nitrification rates following slash and burn in Costa
RicaandVenezuela,respectively.

An important featureof the increasein resource
availability producedby fire is the transientnature
of the increases.Within 8 monthsof fires (after the
first rainy season),inorganic N declined to levels
found in adjacent forest. Decreasesin cation con-
centrationsover the I 8-monthpost-fireperiodcorres-
pondwith their mobility andsusceptibilityto leaching
(K>Mg> Ca).

The net lossof soil organicmattercausedby high-
intensityfires was predictablebasedon the high soil
temperaturesmeasuredduring fires. Soil organicmat-
ter loss is a directeffect of soil heating;distillation of
volatile organiccompoundsoccursbetweensoil tem-
peraturesof I 00—300

0Candnearcompleteloss of soil
organic matterat temperatures>4500C(Giovannini
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et al., 1990; Hosking, 1938). Decreasesin soil or-
ganic matterareoften reportedfollowing the intense
fires typical of slashburning in the tropics(Rab, 1996;
Mackensenet al., 1996; UhI andJordan, 1984). The
recoveryof soil organicmatterduringthe secondyear
following fires may havebeendue to decomposition
of fine roots andlitter from colonizingvegetation,al-
thoughthe rateof recoveryis notably high andfaster
thananticipated.

Due to its low temperatureof volatilization, pat-
terns of total soil N loss is closely linked to the
consumptionof soil organicmatter; thus, we expect
the loss of total soil N during high-intensityfires ap-
proximatesthe loss of soil organicmatter (——-loss of
28%).Decreasesin total soil N are reportedfollowing
slashburning in the tropics (CostaRica: Ewel et al.,
1981; VenezuelanAmazon:UhI andJordan,1 984).

Thedecreasein soil organicmattercausedby high-
intensityfires likely influencedthe substantialchanges
in soil strength, bulk density, and water infiltration
rates.The increasein surfacesoil strengthduring the
first yearfollowing high-intensityfires was likely due
to the settling of soil mineralsandashinto spacesleft
void by organicmatterandfine roots.This settlingof
soil particleswould alsocontributeto greatersoil bulk
densities.Decreasedmacro-porespacewould explain
the lower infiltration ratesobservedin this treatment.

It was expected that high-intensity fires would
resultin lower soil watercontentsthanothergaptreat-
ments. Decreasedsoil organicmatter contentlowers
soil waterholding capacity,decreasedalbedodue to
a blackenedsoil surfaceplus exposurecan increase
water evaporationfrom soil, and slowed infiltration
ratescan increasesurfacerun-off. In this studyhow-
ever, soil watercontentswerenot significantly lower
after high-intensity fires than other treatments.The
predictedchangesmay havebeen offset by reduced
transpirationin high-intensityburnplots, wheretotal
vegetativecoverrecoveredmoreslowly than in other
treatments(Kennard,2000).Also, the loweredinfiltra-
tion ratesafterhigh-intensityfires likely did not result
in surfacerunoff: the lowest infiltration rate recorded
in ahigh-intensityburnplot was5 timesfasterthanthe
rateneededto absorba5 cm h’ rainfall (0.002cm3
cm2K1)

Effectsoflow-intensityfireson soil chemicaland
physicalproperties

We attributethe increasesin soil pH, andextractable
P, Ca, Mg, and K concentrationsafter low-intensity

fires to the releaseof thesebasiccationsfrom soil or-
ganic matterduringsoil heating,as very little ashwas
depositedduringthistreatment.Low-intensityfires in-
creasedresin-availableN levels, althoughto a lesser
degreethanhigh-intensityfires.Temperatezonestud-
ies havenoted that soil inorganicN increasesas fire
intensityincreasesfrom low to moderatelevels(Dunn
andDeBano, 1977; Giovanniniet al., 1990; Kutiel et
al., 1990; McMurtrie and Dewar, 1997; Rice, 1993;
WestonandAttiwill, 1996).

Averagesurfacetemperaturesduring low-intensity
fires (1600C)were not highenoughfor the consump-
tion of soil organic matter, as reflectedby organic
matter contentsof soil sampledfrom this treatment.
ln fact, averagesoil organic matter contentsafter
low-intensity fires were greaterthan those of adja-
cent forest soils.Increasesin soil organicmatterhave
beenshownto occurduring light to moderatefires due
to the incorporationof unburnedor partially burned
slash fragmentsinto soil (Hungerfordet al., 1990;
Stromgaard1992).

Soil strength,bulk density, water infiltration, and
waterrepellencyfollowing low-intensityfires werenot
different from those in unburnedtreatments.Again,
this patternmayreflect theinfluenceof organicmatter
on soil physicalcharacteristics.

Efft’ctsofplant removalandcanopygapformationon

soil chemical andphysicalproperties

Soil moisturecontent was greaterin all of the gap
treatmentsthanforest plots for the first 9 monthsfol-
lowing fires. This difference,likely dueto decreased
transpiration(Vitousek and Denslow, 1986), dimin-
ished over the first yearas the amountof vegetation
in gapsincreased.

Other thanthe observeddifferencesin soil mois-
turecontents,plantremovalandgaptreatmentsdid not
significantly changesoil chemicalor physicalproper-
ties from thosein adjacentintact forest.Although it
is hypothesizedthat the increasedsoil temperatures,
moisture, and litter depth in tree fall gaps will in-
creasenutrient availability (Bazzaz,1980),conclusive
evidenceto suggestthis is true hasnot beenreported
(Luizao et al., 1998; VitousekandDenslow,1986).

Most of the variation observedwithin the plant
removal, gapcontrol, and forest plots over time was
dueto seasonalchanges.Soil moisturecontentvaried
predictablywith changesin rainfall -and NOf avail-
ability declinedslightly during the dry season.This
observationagreeswith the few studiesof nutrient
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cycling conductedin tropical dry forestswhich have
shown that nitrification ratesare highestduring the
rainy seasonand lowest at the end of the dry season
(Garcia-Mendezet al., 1991; Singhet al., 1989; see
alsoSmith et al., 1998).

N. Fredericksen,II. Justiniano,3. Pesoa,3. Faldin,and
numerousadditional Chiquitanocommunitymembers
for assistingwith fieldwork. I. BartosattheUniversity
of Florida’sAnalytical ResearchLab analyzedof soil
samples.D. Noletti and K. Clark assistedwith resin
extractions.

Effects of treatments on tree seedling growth

Despitethe potentially negativeeffects of increased
bulk densityand soil strength,loweredwater infiltra-
tion rates,andpossiblytoxic effectsof cationson plant
growth,seedlingheightsof A. colubrina weregreatest
following high-intensityfires. This increasedgrowth
in intenselyburnedsoilsmaybedueto severalfactors.
Initially, soil strengthin high-intensityfire plots was
the lowest of all treatments,thereforeearly coloniz-
ing seedlingsshouldnot haveexperiencedmechanical
impedanceof root growth. Secondly, nutrient con-
centrationswerehighestfollowing high-intensityfires,
which mayhaveoffset decreasedmovementof nutri-
ents in water through the soil. Also, toxic levels of
cationsmayonly havebeena factor in small areasof
high ashdepositionor severelyscorchedsoils; seed-
lings maynot havebeenableto establishin thesesmall
areasand, therefore,the effects on growth were not
observed.Most importantly,the densityof plants col-
onizing after high-intensityfires was low, so that es-
tablishedtreeseedlingslikely benefitedfrom reduced
competitionfor soil waterandnutrients.

Although seedlingsthatestablishedsoonafterfires
benefitedfrom greaterresourceavailability, theeffects
of high-intensity fires on tree seedlinggrowth may
not be as beneficial in subsequentyears.Due to the
decreasein nutrient availability during the first year
following burns, seedlingsestablishingin following
yearsmay showtheeffectsof degradedsoil structure.
As soil structurecan takeyearsto decadesto recover,
prescribedburnsof low to medium intensity, which
can increasenutrient availability without damaging
soil, may be the bestoption in the long term.
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